Chloroform is carcinogenic in rats, mice, and probably in dogs. Chloroform induced carcinomas of the liver and kidney and malignant tumors in other organs in rats and mice. Liver neoplasms have been described in three strains of mice. Carcinomas of the kidney were found in a first study in mice and in the repeat of that study. Dogs given chloroform developed neoplasms of the liver as well as in other organs.
Introduction
Chloroform (CHCl3, trichloromethane) is used chiefly in the manufacture of fluorocarbons for refrigerants, propellants, and plastics. However, there are many other uses (1) : chloroform is used as a solvent in photographic processing and in dry cleaning, as well as in the preparation of antibiotics, dyes, drugs, and pesticides. It is added to some toothpastes, cough medicines, linaments, and salves.
This review includes, to the best of our knowledge, every study on the carcinogenicity of chloroform in animals. The results and conclusions for the NCI chloroform-rat study and NCI chloroformmouse study are based on my examinations of the histological sections. The results of the other studies are my own analyses of the data which are, in most cases, raw data. Other studies reviewed were: Huntington Research Center chloroform studies, Eschenbrenner study, Rudali study, and Roe study.
Statistical tests of significance werep (probability) values obtained with Fisher's exact test and tests for positive linear trend and departure from linear trend, which are described in detail (2) .
NCI Chloroform-Rat Study
Chloroform was administered orally to male and female Osborne-Mendel rats, 50 of each sex, at two *Chemical Carcinogenesis Program, NCI Frederick Cancer Research Center, Frederick, Maryland 21701. dose levels (1) . Chloroform was given in corn oil by gavage five times per week for 78 weeks. Rats were started at 52 days of age and killed after 111 weeks.
The high dose concentrations of chloroform were intended to be the maximal amount that the animals could tolerate for 78 weeks; and the low doses were one-half of the high doses. These doses were initially chosen on the basis of survival, weight gain, and clinical observations during a trial 6-week study. As the full-scale study progressed, it was decided to reduce the dose given to the female rats.
The dose levels for male rats were 90 or 180 mg/kg of body weight. Female rats were given 125 or 250 mglkg for 22 weeks, at which time the doses were changed to 90 or 180 mg/kg (with time weighted average of 100 or 200 mg/kg for the study) ( Table 1) . Groups of 20 rats of each sex received the corn oil vehicle and other groups of 20 rats received no treatment.
Necropsy was done on all rats. Complete histopathologic examinations were performed on killed rats and whenever possible on those found dead.
Average survival times for male rats given the high dose chloroform was 80 weeks, and 83.6 weeks for the females (Table 2) . Control Tumors of the Liver
Cholangiofibromas and cholangiocarcinomas were present in the liver of 11 of 39 females (28%) (p = 0.00599) given the high dose ofchloroform and in 3 of 39 females (8%) given the low dose, whereas control rats did not develop such tumors (Table 3 ). There were fewer lesions in male rats. Cholangiocarcinomas, which were well-differentiated histologically, invaded the adjacent hepatic tissue. The first cholangiofibroma was found at 28 weeks.
Hyperplastic nodules and hepatocellular carcinomas developed in 36% (14 of 39) females given the high dose (p = 0.03105) and 23% (9 of 39) females receiving the low dose of chloroform, compared to 8% (3 of40) controls (Table 4 ) (3). Fewer such lesions were seen in male rats (Table 5) . If time of survival is taken into consideration (i.e., time of appearance of first nodule or carcinoma, 32 weeks), then 14 of 32 high dose females (44%) and 9 of 29 low dose females (3 1%) had hyperplastic nodules or hepatocellular carcinomas. Hepatocellular carcinomas were welldifferentiated histologically.
If numbers of rats with tumors of the liver is taken into consideration, then 51% (20 of 39) females receiving the high dose (p = 0.00161) and 26% (10 of 39) females given the low dose of chloroform had such tumors compared to 8% of the controls (Table 6) . Twelve of 49 (24%) high dose male rats, compared to 5% controls, had tumors of the liver (0.04877 test for positive trend).
Some male and female rats given the low or high doses of chloroform had focal areas of hyperplastic parenchymal cells of the liver. Necrosis of the liver was often present in rats dying early; however, cirrhosis was not observed in rats given chloroform. bFive rats were killed at 61 weeks.
CFour rats were killed at 61 weeks.
In summary, chloroform was carcinogenic for liver of rats. Female rats were much more susceptible than were male rats to the induction oftumors of both parenchymal cells and bile duct cells. Rats given chloroform did not develop cirrhosis of the liver.
Tumors of the Kidney
Carcinomas of the kidney were present in 12 of 49 male rats (25%) given the high dose (p = 0.004861) and 12% (6 of 50) receiving the low dose of chloroform compared to O0o in the control rats (Table 7 ) (4).
A few rats had both carcinomas of the cortex of the kidney and the renal pelvis. Administration of chloroform did not cause a significant increase in tumors of the kidney in female rats. The only hepatic lesion associated with carcinoma of the kidney was a cholangiocarcinoma in one rat.
Carcinomas of the kidney were well-differentiated, poorly differentiated, or undifferentiated. Carcinomas invaded and replaced the adjacent renal parenchyma and metastasized to other organs in two male rats and one female rat. The carcinomas in females were undifferentiated.
Carcinomas of the kidney generally were associated with chronic interstitial nephritis. Approximately 75% of the carcinomas were associated bColony control was given as 0/98 (0%o).
"lest for positive trend unless otherwise specified.
Environmental Health Perspectives (Table 9 ). Tumors in chloroform-treated rats usually were larger than in the control rats and sometimes invaded the adjacent tissue.
Tumors of the thyroid, liver, and/or kidney generally were not found, with a few exceptions, in the same animal. One carcinoma of the thyroid was present in a high dose female rat with cholangiocarcinoma, and one adenoma of the thyroid with hepatocellular carcinoma in a high dose male rat. However, rats with tumors of the thyroid generally did not have tumors of the liver, or if they did, the tumors were hyperplastic nodules (as in the case of four low dose male rats). Three high dose male rats with thyroid tumors also had renal cell carcinomas. In summary, chloroform administration resulted in a significant increase in tumors of the thyroid in female rats. Rats with thyroid tumors generally did not have tumors of the liver and kidney; however, they rarely had hyperplastic nodules of the liver. The latter finding suggests that thyroid tumors may have interfered with the development of hepatic carcinomas.
Malignant Tumors in Organs Other Than Liver, Kidney, and Thyroid
The incidences of malignant tumors in organs other than liver, kidney, and thyroid in chloroformtreated rats were not increased, with one exception (Tables 10 and 1 1). Of50 low dose male rats, 24 (48%) had malignant tumors compared with 16% of the controls (p = 0.00639). There were four splenic, three subcutaneous, and one ostogenic sarcomas. The tumors were mostly sarcomas in rats that did not have other tumors, in rats without chronic renal disease, and in rats that survived over 100 weeks. 'Two male rats at each dose had both tumors.
Malignant Tumors in All Organs
There were slightly increased incidences of malignant tumors in male and female rats given chloroform in both the low and high dose groups (Tables 12  and 13 ). Malignant tumors were found in 25 of 50 (50%) low dose male rats given chloroform (p = 0.03070).
The incidences of high dose male and female and low dose male and female rats are even more significant when corrections are made for survival time, i.e., taking into consideration the survival time of the first rat to develop a malignant tumor (42 weeks) (Tables 14 and 15 ). Malignant tumors were found in 72% of low dose female rats (p = 0.00969), 66% of high dose female rats (p = 0.02816); 58% of low dose male rats (p = 0.00383), and 50%o of high dose male rats (p = 0.03726). Control rats of both sexes had approximately 30%o.
Carcinomas in high dose chloroform-treated female rats were in the liver, thyroid, and mammary gland, and in the mammary gland and endocrine organs in low dose female rats. Carcinomas in male rats were in the kidney and endocrine organs. Sarcomas were observed in the spleen, lung, bone, and subcutaneously. Carcinomas in control females were in the mammary gland and endocrine organs. Carcinomas in control male rats were in endocrine organs.
Hyperplasia was occasionally seen in the pancreas, both of the acinar and islet cells, and a few animals had nodules.
Lesions Other Than Tumors
Lesions other than tumors were observed more often in chloroform-treated rats, particularly in males, than in the controls. These lesions were interstitial fibrosis of the kidney; polyarteritis of the mesenteric, pancreatic, and other arteries and arterioles; and atrophy of the testes.
Polyarteritis developed in approximately onefourth of the male rats given chloroform. Polyarteritis was present in 22% low dose male rats (p = 0.0064), and 25% high dose male rats (p = 0.00322).
The lesion involved predominantly the mesenteric and pancreatic arteries, as well as small arteries and arterioles throughout the body in treated rats, whereas in control rats polyarteritis was limited to the mesenteric artery (Table 16 ). Thrombosis was also present in the mesenteric artery of treated rats. The mesenteric artery was examined only when the arteritis was severe; and the incidence, particularly of less advanced arteritis, would probably have been higher if the mesenteric artery were routinely sectioned histologically. The lesion was generally associated with severe atrophy of the testes, severe interstitial fibrosis of the kidney, and carcinoma of the kidney. CStatistics based on combined controls.
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Interstitial fibrosis of the kidney was seen in male rats more often than female rats, and the lesion was more severe in male rats. It was usually associated with carcinomas of the kidney.
Atrophy of the testes was present in the chloroform-treated male rats and was extremely rare in the control male rats (about 2%). The lesion was observed in one-third of the chloroform-treated male rats.
Summary
Chloroform is carcinogenic in rats. Chloroform not only induced malignant tumors of the liver in female rats and of the kidney in male rats, but in other organs as well. There also are toxic changes, particularly in male rats, as a result of the treatment. These toxic changes may have interfered with the development of tumors in male rats. CSome rats had both carcinomas and sarcomas. cDeparture from trend. Table 17 .
Complete necropsies were performed on all mice. Histopathologic examinations were done on killed mice and whenever possible on those found dead.
There was very little difference in the growth curves for male and female mice given chloroform and those not receiving the chemical. Food consumption was also comparable.
Abdominal distention, apparently because of hepatic tumors, was observed in female mice given the high dose of chloroform after 42 weeks and in the high dose male mice after 78 weeks. All of the high dose female mice developed abdominal distention, compared with one-half of the high dose male mice. Carcinoma of the liver at autopsy was first observed at 54 weeks.
Chloroform-treated mice survived well (Table 18 ). There were no significant differences between the control or chloroform-treated mice.
Results are based on my examination of the histological section.
Environmental Health Perspectives = 0.02751) of chloroform (Table 21) . Lymphomas were not present in male mice given the vehicle or in control mice. The incidence of lymphomas was significantly increased in chloroform-treated female mice given the low dose (9 of 45) (p = 0.03217).
hyperplasia of the endometrium in low dose and control female mice. There was focal adenocarcinoma, which was present slightly more often in the chloroform-treated female mice. Stromal cell hyperplasia of the endometrium was more common in the low dose treated females.
Tumors Other Than Liver and Lymphomas AlII l^T.
Malignant tumors, other than carcinomas of the liver and lymphomas, were slightly increased in the low dose male and female mice (Table 22) . Such tumors were seen in 11 of 45 female mice (24%) (p = 0.06747) compared to 1 of 12 vehicle control mice. Carcinomas present mainly in the digestive system (5 of 45 mice), but also in the endocrine organs, lung, and kidney. Four unusual carcinomas occurred at the anal-rectal junction -three sebaceous carcinomas and one mixed sebaceous and adenocarcinoma. There was an adenocarcinoma of the stomach at the squamous glandular junction. The incidence of lesions at the anal-rectal junction may well have been higher, because this area was examined histologically only when a tumor was observed grossly. Malignant tumors, other than liver or lymphoma, generally occurred in the low dose male mice without carcinomas of the liver; however, an occasional mouse had a small solitary hepatic carcinoma. By contrast, malignant tumors in the high dose male mice occurred in a high incidence only in the liver.
There was an increased incidence of glandular ftu mialsXX4Xl I UllUI The incidence of total malignant tumors was also increased in male mice given the low dose of chloroform; however, most of the increase was carcinomas of the liver. The incidence in the mice on chloroform was 52% (24/46), compared with none in the vehicle control male mice.
Tumors of the kidney were seen in 3 of 44 male mice (7%) on the high dose of chloroform, as well as in one male mouse in each of the low dose group, the vehicle control group, and the untreated group. The renal tumors in the high dose group were much larger and more malignant than in the other groups.
Lesions Other Than Tumors
Thrombosis of the atrium of the heart was present in 9 of 40 female mice (23%) (p = 0.0013) on the high dose of chloroform and not in any other female or male mice (positive trend 0.0001; departure from trend 0.0189). Those nine mice also had carcinomas of the liver. Thrombosis of the heart is undoubtedly aCarcinomas of lung, kidney, adrenal (cortical and malignant pheochromocytoma), anal (adenocarcinoma and sebaceous), and stomach (adenocarcinoma); subcutaneous leiomyosarcoma with metastases to liver and lungs. bp = 0.00817 when treated rats are compared with the pooled controls.
cEight mice with stomal cell sarcomas of the uterus.
dTwo mice with stromal cell sarcomas of the uterus; p = 0.00376 when the treated rats are compared with the pooled controls.
eDeparture from trend.
related to chloroform treatment, because of the extremely rare occurrence of this lesion in control mice and in large numbers of mice given several other organochlorine chemicals.
Summary
Chloroform is carcinogenic in mice. Female and male mice developed high incidences, 100% in the high dose groups, of carcinomas of the liver. Female mice were more susceptible than male mice: Female mice also had an extremely rare lesion, thrombosis of the heart.
Huntington Research Center Chloroform Studies
In a preliminary report Roe described studies in which chloroform was administered to four strains of mice. Sprague-Dawley rats, and beagles (5-7).
ICI-Swiss Mouse Studies
ICI-Swiss male and female mice, 52 in each group, were given 17 or 60 mg/kg/day of chloroform for 80 weeks. The chemical was given to 3 to 10 week old mice in a toothpaste base by gavage six days a week. Animals were killed after 96 weeks.
Eight of 37 (22%) male mice given the high dose (p = 0.00012) of chloroform developed tumors of the kidney compared to none in the controls (Table 23 ). Some of the tumors which were described as "adenomatous" were large and some mice had multiple tumors. Some of the tumors of the kidney had previously been described as malignant tumors, i.e., carcinomas by Roe (6) . There was also a slight increase in the incidence of hepatic tumors in males on both doses of chloroform. There was no increase in renal or hepatic tumors in female mice.
There was a significant increase in the incidence of "hepatic degeneration" (p = <0.05) in male mice given 60 mg/kg chloroform.
In summary, chloroform is carcinogenic for the kidney of ICI-Swiss male mice. In addition, there was significant "hepatic degeneration."
Other Mouse Studies
The carcinogenicity of chloroform was studied in four strains of specific pathogen free mice. Male ICI-Swiss, C57BL, CBA, and CFI mice 3 to 10 weeks of age were given 60 mg/kg-day of chloroform for 80 weeks and killed after 93 to 104 weeks. The chemical was given in toothpaste base (with essential oils and 3.6% chloroform) by gavage six times per week. There were 52 mice in each group.
The incidences of renal or hepatic tumors were not increased in C57BL, CBA, or CFI mice given chloroform (Table 24) . ICI-Swiss male mice (5 of 47) given chloroform developed an increased incidence of renal tumors; however, 1 of 49 control mice also had a renal tumor. Chronic renal disease was a ''prominent feature" in chloroform-treated and control mice ofthe ICI-Swiss s-train. The presence or absence of chronic renal disease with tumors was not mentioned. Chloroform treatment did cause a highly significant increase in the incidence of chronic renal disease in CBA (p = <0.01) and CFI (p = <0.001) male mice. Relatively few CFI mice survived beyond the 80th week when renal neoplasia was most likely to be seen. By the end of the first year 51% of the treated and control mice had died, and only six mice were alive at the termination of the study. Renal disease may have caused the high mortality.
The renal disease was "chronic nephritis" and varied in degree from mild and moderate to severe. The severe disease was described as: "The most severely affected kidneys were usually visibly enlarged and had surfaces that were irregular because offibrotic scarring or cyst formation. In a few cases, widespread necrosis and fibrosis had led to kidneys appearing shrunken. Microscopically, severely diseased kidneys showed both tubular and glomerular changes. Some glomeruli were greatly enlarged and were infiltrated by lymphocytes. Some showed thickening of Bowman's capsule. Extensive tubular changes with areas of degeneration and hyperplasia, numerous tubular casts, fibrosis, and chronic inflammatory infiltration were also usually prominent."
In summary, chloroform in toothpaste base was carcinogenic for the kidney of male ICI-Swiss mice, thus confirming the findings in the previous study using mice of this strain. Male CBA and CFI mice given chloroform developed significant chronic renal disease, whereas male C57BL did not.
Chloroform Administered With Arachis Oil
The carcinogenicity of chloroform (4%) with arachis oil as a vehicle was examined for ICI-Swiss male mice in the previous study. The dose of bControl mice received the toothpaste base without chloroform. chloroform was 60 mg/kg-day. The chemical was given by oral gavage six days a week for a total of 80 weeks, followed by a 24-week period without the chemical. A group of 100 untreated mice was also used for controls. Twelve of 48 mice (25%) developed tumors of the kidney, whereas 1 of 50 (2%) receiving the vehicle and none of the untreated mice had renal tumors (Table 25 ). Eight of 48 (17%) treated mice had hepatic tumors, compared to 9 of 133 (7%) controls (p = 0.04699).
In summary, chloroform in arachis oil was carcinogenic for the kidney of male ICI-Swiss mice. These results represent the third time that chloroform was carcinogenic for the kidney of male ICISwiss mice.
Sprague-Dawley Rats
Sprague-Dawley male and female rats, 50 per group, were given 60 mg/kg/day of chloroform for 95 weeks. The chemical was given to six-week-old rats in toothpaste base by gavage six times a week. There were 50 rats in each group.
Roe concluded that there was no "effect on tumor incidence in either sex," and there was no increase in hepatic or renal tumors in chloroform-treated rats. One female rat had a "cystadenoma of the liver." Benign and malignant tumors were not evaluated separately. Plasma cholinesterase levels were decreased in male and female rats given 60 mg/kg of chloroform, as well as female rats on 15 mg/kg. Control rats had a high incidence of tumors.
Beagle Seven and One-Half Year Study
Male and female beagle dogs were given 15 mg/kg or 30 mg/kg/day of chloroform in toothpaste base for 376 weeks, and were killed after 396-400 weeks. The chemical was given in capsules six days a week.
Treatment with chloroform did not affect the survival of dogs. The SGPT values in dogs given 30 mg/kg of chloroform were two times those in controls.
Environmental Health Perspectives 
Other Chloroform Studies Eschenbrenner Study
Strain A male and female mice were given chloroform in doses ranging from 37.5 to 600 mg/kg/day by gavage once every four days for four months (8) . They were killed one month later. Survival times are given in Table 27 .
"Hepatomas" and cirrhosis occurred in female strain A mice given the 150 or 300 mg/kg doses of chloroform (Table 28 This study did demonstrate that tumors of the liver were observed in female strain A mice under the conditions of the study. Numbers of mice were small, duration was limited, and mortality of male mice was too high in order for tumors to develop.
Rudali Study
Rudali studied the carcinogenic effects of halogenated hydrocarbons (9) . Chloroform was administered to NLC mice of unspecified sex via gav- age in oil solution in two doses of 60 mg (2800 mg/kg) each and the animals observed for 10 months. Out of an initial group of24 animals, five survived and three had "hepatomas." No control group was reported. Under the conditions of the study, mice given a limited exposure to chloroform and observed for a relatively short duration developed tumors of the liver.
Roe Study
An experiment was carried out by Roe et al., using groups of approximately 50 (C57BL X DBA/2)Fi mice including equal numbers of males and females (10) . Chloroform was given as a single dose of200 jig in 0.02 ml arachis oil when the mice were less than 24 hr old or as eight daily doses of 200 ,g starting before the mice were 24 hr old. All mice were injected subcutaneously in the intrascapular region. Survivors (over 36 mice in each group) were killed between the 77th and 80th week of the experiment and examined for tumors of all sites. The authors concluded that a small number of tumors of the lung, liver, and mammary gland and a few cases of generalized lymphoma were encountered in all groups, but the incidence was no higher in the treated groups than in the control groups. No other lesions attributable to treatment were observed. This is not unexpected because ofthe low dose which was given subcutaneously.
Guinea Pig Study
Guinea pigs were given doses of 35 mg/kg and some of them died during the course of the experiment (11) . Five of the guinea pigs lived longer than two months, but only two of these lived longer than three months. The guinea pigs which died had fatty change, necrosis, and cirrhosis of the liver.
Summary
Strain A female mice given large doses of chloroform by gavage for a few months developed cirrhosis of the liver and "hepatomas." "Hepatomas" also were reported in NLC strain mice given chloroform.
Guinea pigs given chloroform had cirrhosis of the liver. It is likely that guinea pigs given a dose of chloroform over a long period of time would also develop tumors of the liver.
Comments
The formation and occurrence of tumors in man and other mammals, such as rats and mice, is quite similar (12) . In tests undertaken to date, it has been demonstrated that virtually every chemical which has been found to be carcinogenic in man is also carcinogenic in one or more mammalian test animals. It has been shown that if these compounds will produce neoplasms in one species, they will very likely produce neoplasms in more than one; thus adding weight to any finding of carcinogenicity in tests using any mammalian species.
Sufficient documentation is available on qualitative extrapolation of animal data that one must conclude that a finding of carcinogenicity in one mammalian species should be deemed to have relevance for other mammalian species, including man. This threat may not be manifested for up to 30 or 40 years, given the long latent period of many known human carcinogens. 
